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A ﬂuorescent voltage sensor protein “Flare” was created from a Kv1.4 potassium channel
with YFP situated to report voltage-induced conformational changes in vivo. The RNA virus
Sindbis introduced Flare into neurons in the binocularregion of visualcortex in rat. Injection
sites were selected based on intrinsic optical imaging. Expression of Flare occurred in the
cell bodies and dendritic processes. Neurons imaged in vivo using two-photon scanning
microscopy typically revealed the soma best, discernable against the background labeling
of the neuropil. Somatic ﬂuorescence changes were correlated with ﬂashed visual stimuli;
however, averaging was essential to observe these changes. This study demonstrates that
the genetic modiﬁcation of single neurons to express a ﬂuorescent voltage sensor can be
used to assess neuronal activity in vivo.
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INTRODUCTION
Functional neural circuits have been extensively explored in early
sensory areas with a conﬂuence of electrophysiological and neu-
roanatomical methods. Although electrical recordings in vivo are
arguably responsible for the bulk of our understanding of higher
cortical areas, combining the morphological, biochemical, and
genetic identity of neurons in combination with the multiplicities
of function has been challenging. Recent improvements permit
neurons to be more selectively labeled and imaged in vivo (Ohki
et al., 2005; Ch’ng and Reid, 2011) bythe extracellular application
of a membrane-permeant calcium dye Oregon Green BAPTA-1
(OGB) in mouse sensory cortex (Stosiek et al., 2003; Mrsic-Flogel
et al., 2007). However, this type of calcium labeling has limita-
tions. The dye fades over time and may compromise cell health
over repeated applications and thus is not useful in long-term
preparations. Furthermore, OGB stains all types of neuron and
thus does not allow speciﬁc examination of certain neuron types
unless it is combined with genetical labeling of speciﬁc neuron
types (Sohya et al., 2007). On the other hand, calcium dyes like
OGB produce a stronger and faster signal compared to various
genetically encoded calcium indicators (GECI) (Hendel et al.,
2008).
Crick proposed that molecular biology would permit access
to particular neuronal types (Crick, 1979). Only more recently
has the technology to perform single neuron genetics become
available with the advent of retroviruses and other vectors that
can control the expression of proteins in vivo (Xiao et al., 1998;
Chen et al., 2000; Wickersham et al., 2007). Selection of neurons
versusglia,ordifferenttypesofneuronhasbecomepossibleeither
through choice of virus or viral serotype that are selectively neu-
rotropic (Nathanson et al., 2009a,b; Marshel et al., 2010). As
well, the control of the expression of reporter genes has matured
through development of novel promoters (Reiff et al., 2005).
Genetically encoded ﬂuorescent sensors can be designed to
detect various changes related to neural activity: reporters of
intracellular Ca2+, for example, Cameleon (Reiff et al., 2005; Liu
et al., 2008), or sensors reporting changes in membrane voltage
(Baker et al., 2008; Perron et al., 2009b; Lundby et al., 2010).
One ofthe ﬁrst generation voltage sensors wasFluorescent Shaker
(FlaSh), which is a fusion of a voltage-gated Shaker K+ channel
and a green ﬂuorescent protein (GFP). The dynamics of FlaSh
should allow detection of single electrical events. However, in
vivo such temporal precision is not possible due to presence
of background noise (Siegel and Isacoff, 1997; Guerrero et al.,
2002). Another second-generation sensor SPARC (sodium chan-
nel protein-based activity reporting construct) was also reported
to show fast kinetics and reliably report short depolarizing pulses
as short as 2ms (Ataka and Pieribone, 2002).
These sensors have been tested extensively in vitro and in cul-
tured neurons but not in vivo under sensory stimulation (Baker
et al., 2007). For the current study, neurons in rat visual cortex
were transfected to express Flare and imaged in vivo.T h es t u d y
by Baker et al. (2007) reported no functional signals in disso-
ciated hippocampal neurons or HEK 293 cells expressing Flare,
whereas the current study showed signiﬁcant responses in a rel-
atively small percentage of neurons. Differences in expression
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between species (e.g., rats vs. mice) might be responsible for such
discrepancy (Xu et al., 2006; Xu and Callaway, 2009). As a ﬁrst
step toward neural circuit analysis in larger animals such as non-
human primates (Heider et al., 2010), the voltage sensor called
Flare, was assessed in a rodent model using two-photon scanning
microscopy (TPSM) as described previously (Denk et al., 1994;
Jung et al., 2004; Levene et al., 2004). These results demonstrate
the feasibility of the sensor and method and thus open the possi-
bility to use similar sensors in other species. This work has been
presented in abstract form (Siegel et al., 2007).
MATERIALS AND METHODS
All experiments were carried out according to NIH Guidelines
for Animal Research and approved by Rutgers University Animal
CareandFacilities Committee. Allprocedures followed theguide-
lines for rodent survival and non-survival surgery.
SENSOR
The Flare ﬂuorescent voltage sensor is a Kv1.4 variant of FlaSh
(Siegel and Isacoff, 1997; Guerrero et al., 2002). By design, Flare
is sensitive to supra-threshold events. Flare was created starting
with a Kv1.4 potassium channel. The Flare channel was further
modiﬁed to not pass current by altering amino acid W517F. The
linear range for dF/voltage of Flare was –50 to –10mV based on
the rational design virus. The distribution of the Flare protein
may be similar to the native Kv1.4, which is concentrated with
PSD-95 (Walikonis et al., 2000). There is some differential distri-
bution of the related Kv1.2 in dendrites of pyramidal cells (Sheng
etal.,1994),butthis distribution variedwithcell type throughout
the central nervous system with some cells showing expression in
axonalterminals andthe soma.Enhanced yellow ﬂuorescent pro-
tein (EYFP)wasinserted between V584A andS585S in Kv1.4.The
sequence for Flare was inserted into Sindbis plasmids and virus
generated in order to transfect neurons in rat cortex.
ANIMAL SURGERY AND VIRUS INJECTION
In a ﬁrst recovery surgery, Sprague–Dawley rats (200–800g)
were anesthetized using ketamine (50mg/kg), acepromazine
(0.5mg/kg), xylazine(5mg/kg)IP.Atropine(0.05mg/kg,SC)and
bupivacaine (0.2ml, SC) were administered. A thin layer of oph-
thalmic ointment was applied on the eyes to avoid dehydration.
Anesthesia was maintained by injections of the ketamine mixture
every 30min. The skull was thinned bilaterally exposing the cor-
tex from 4mm to 8mm posterior of Bregma, and 2mm to 6mm
lateral. A drop of sterile saline was placed on the skull to reduce
light scattering, clearly revealing cortical blood vessels. An imag-
ing chamber was constructed using a 3 × 5mmcoverslipand
orthopedic cement (Smith and Nephews, Richards, Memphis,
TN). The chamber was ﬁlled with sterile 1% agar in 0.9% saline
and sealed with cement and bone wax.
After conclusion of the intrinsic imaging experiment, the
remaining thinned skull was opened completely. The dura was
nicked at the injection locations to allow the glass pipette (10μm
tip diameter) to be lowered into the cortex. A total amount of 1–2
μl SindbisFlare was injected using a Picospritzer pressure system.
One to ﬁve injections were madeinto the cortex atdepths ranging
from 1000μm to the surface. Locations were selected based upon
the corticalactivation mapsandscarcityofbloodvessels.Bilateral
injections were made in most cases. The muscle and skin tissue
was pulled over the craniotomy and the skin stapled. Antibiotic
ointment and a local anesthetic were applied on the skin margin,
and the animal allowed recovering in its home cage.
Eighteen to Thirty-six hours after the injection procedure, the
animal was anesthetized again for a non-survival surgery, and
placed in a modiﬁed stereotaxic device for two-photon imag-
ing. The same anesthesia drugs were used as for the survival
surgery, as described previously. The incision was reopened and
the dura completely resected to expose the cortex. Grounding
and reference screws were attached to the skull, and a monopo-
lar electrode placed onto the cortical surface within 1mm of the
recording site. This allowed simultaneous recordings of visually
evoked potential during the scanning. An imaging chamber was
constructed again with agar,a glasscover, orthopedic cement and
bone wax, as described above. The stereotaxic device with the rat
was placed under the two-photon scanning microscope. At the
end of the experiment (3–5 h), an overdose of sodium pentobar-
bital (125mg/kg IP) was administered and standard transcardial
perfusion with 4% formalin in saline was performed.
Confocal images of ﬁxed sections were obtained using a
BioRad MRC-1024 laser-scanning microscope. Intensity pro-
ﬁles of confocal images were calculated using the “plot proﬁle”
procedure (line selections) of ImageJ Software (version 1.38;
http://rsb.info.nih.gov/ij/).
INTRINSIC IMAGING AND TWO-PHOTON SCANNING
Intrinsic optical imaging was performed according to previously
published principles for non-human primates (Siegel et al., 2003;
Heider et al., 2005) with slight modiﬁcations for rodents. A cus-
tom built macroscope was utilized with an Optical Imaging 2001
system (Optical Imaging Co., Rehovot, Israel). The vasculature
was visualized using 540nm green light to determine the depth
of the cortical surface. Illumination for intrinsic signal imaging
was at 605nm after focusing down 300μmf r o mt h es u r f a c e .
Rats were ﬁtted with goggles made from adjustable material to
eliminate light leakage from the visual stimulus. Visual stimu-
lation was provided via a combination of four miniature LEDs
(E100; Gilway, Woburn, MA): red (625nm), blue (465nm), vio-
let (420nm), and ultraviolet (375nm). These wavelengths were
chosen to cover the entire range to which rat photoreceptors are
selective (Jacobs et al., 2001). The light was passed through a ﬁber
optic that was directly apposed to the cornea providing full ﬁeld
illumination in one eye. After a baseline period of 1000ms, the
stimulus was switched on for 500ms and then turned off. Images
were collected at 7Hz for a total duration of 5200ms. The data
were converted into the Khoros (Khoral Inc., Albuquerque, NM)
format and regions of interest (ROI) were analyzed. Signals were
expressed aspercentage changes frombaseline,which consisted of
the 500ms before stimulus onset.
The two-photon scanning microscope was custom-built
according to published design (Tsai et al., 2002). A Mai Tai
Ti:sapphire Laser (Spectra-Physics, Mountain View, CA) tunable
from 700 to 1020nm projected a beam into a double telescope
to reshape it, a half-wave plate and polarizing beam splitter to
alter the power of the beam, galvanometer scanning mirrors
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and drivers (Cambridge Technology, Cambridge, MA), scanning
and tube lenses, and dichroic mirrors (720DCXXR dichroic,
HQ535/40-2P emission; Chroma Technology, Rockingham, VT).
The laser was blocked between trials using a mechanical Uniblitz
shutter. The two-photon microscope was ﬁtted with either a 60×
LUM Plan 0.9 NA (Olympus, Center Valley, PA) or a 40× Plan-
Neoﬂuar0.8 NA(Zeiss, Oberkochen, Germany) water immersion
objective. For excitation of the EYFP an emission wavelength of
920nm was used. Photons emitted by ﬂuorescent sensor were
measured with a photomultiplier tube (PMT) modules (H7710–
13; Hamamatsu, Bridgewater, NJ). Current was converted to
voltage using a low-noise current preampliﬁer (model SR570,
Stanford Research Systems, Sunnyvale, CA) and digitized with
a National Instruments A–D converter. The scanning signals
and the A–D converter were controlled and synchronized using
Labview-based software (Nguyen et al., 2006). The stored binary
i m a g eﬁ l e sw e r ea n a l y z e do f ﬂ i n eu s i n gK h o r o sP a c k a g e( A c c u S o f t
Corporation, Northborough, MA) in conjunction with custom
Unix shell software. ROIs were selected and averages of the pixels
within the ROIs were calculated.
Once a ﬁeld of neurons was located, a high-resolution struc-
tural image was acquired (512 × 512 pixels). For functional
imaging, scanning was performed at higher frequency and lower
spatial resolution. To analyze the evoked responses, the stimulus
was presented at variableON-OFF periods (20–20, 10–30, 30–10;
in frames). Evoked responses were deﬁned as percentage change
between ON and OFF responses.
ROIs were selected using an automated analysis of labeled
regions. The average was computed for a single trial. The mean
and standard deviation of the ﬂuorescence signal was computed
on a pixel-by-pixel basis for each experimental scan (∼100 tri-
als). The image was then subjected to a threshold so that all
pixels greater than one standard deviation above the mean were
indicated. The resulting image was then passed through proce-
dures “vlabel” and “vshape” of the Khoros package to select and
reduce the number of regions. Subsequently, the same baseline
normalization and statistical analyses were performed. In a few
experiments, a manual approach was applied as well to compare
and verify the automatic region selection. Rectangular regions
containing either neurons or neuropil were delimited by eye and
the averaged changes in ﬂuorescence of each manually deter-
mined ROI calculated. To assess the responses of each ROI, the
average ﬂuorescence during the OFF phase was compared with
the ﬂuorescence during the ON phase using a One-Way ANOVA
with the type of phase as a categorical variable.
RESULTS
The main goal of the present study was to examine the structural
appearance and functional properties of the genetically encoded
ﬂuorescent voltage sensor Flare. Neurons in ratvisual cortex were
transfected with Sindbis Flare to assess neural activity to visual
stimulation in vivo.
STRUCTURAL IMAGING: EXPRESSION OF SINDBIS FLARE
The expression of Sindbis Flare was examined ﬁrst in ﬁxed
tissue (Figure 1). Fields of neurons from superﬁcial cortex
approximately 10–50μm in diameter were easily identiﬁed
FIGURE 1 | Expression of Sindbis Flare in ﬁxed tissue. (A) Fluorescence
microscope image of ﬁeld of labeled neurons. (B) High power confocal
image of a single neuron transfected with Flare (10μm stack, 0.5 micron
sections). (C,D) Confocal images of labeled neurons. No more than
third-order dendrites are labeled. Insets show gray scale proﬁles
(membrane brightness relative to cell plasma: 44%, A; 83%, B; distance;
25μm) across selected cell bodies. Scale bars, 10μm (A),5μm (B),
20μm (C,D).
under a conventional ﬂuorescence microscope (Figure 1A).
Confocal images of individual neurons conﬁrm that the sensor
ﬂuorescence accumulated in the cytosol and in the plasma
membrane(Figures 1B–D).Fluorescenceintensityproﬁles(insets
in Figures 1C,D) for two selected neurons illustrate that labeling
in the plasma membrane was indeed brighter compared to the
cytosol, as shown previously (Baker et al., 2007). Fine processes
were rarely visible and third order dendrites were never observed.
T h ep r e s e n c eo fF l a r ei nt h ed e n d r i t e si sa se x p e c t e dg i v e ni t s
Kv1.4 origins. The appearance of the labeled neurons suggests
that mostly pyramidal neurons were labeled.
Structural images of neurons were obtained with TPSM in
vivo in rat cortex 12–36h after viral transfection. Low magni-
ﬁcation images illustrate the extent of the transformed tissue
(Figures2A,B) and single neurons are visualized at higher mag-
niﬁcation (Figures2C,D). While cell bodies were easily imaged
in vivo, cell processes were only rarely observed (Figures2A,D).
There were many instances where the background was labeled
(Figure2B), which likely consisted of optically inseparable small
processes of the neuropil. The appearance of the sensor with pre-
dominant membrane labeling (compare to Figure1)w a sr a r e l y
seeninvivo(Figure2C).TheFlaresignaldroppedoffrapidlywith
increasing cortical depth, with signals rarely detectible deeper
than 350μm. This limitation results from a combination of fac-
tors, including available laser power, laser pulse width, efﬁciency
of the detection optics, opacity, and light scattering properties of
the tissue. The range of depths for all experiments was between
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FIGURE 2 | In vivo structural two-photon scanning of Sindbis Flare
transfected neurons in rat visual cortex. (A,B) Labeled cell bodies and
neuropil at low magniﬁcation. (C,D) High magniﬁcation images of soma and
dendrites. Scale bars, 10μm. Depth of scanning for each example was
90μm (A),1 0 0μm (B),1 2 0μm (C), 340μm (D).
90 and 350μm with the majority of experiments performed at
depths between 100 and 200μm.
FUNCTIONAL IMAGING: STIMULUS EVOKED SIGNALS
In 17 of 44 rats, intrinsic imaging was performed prior to the
Sindbis Flare injection to optimally target the injection locations
in visual cortex (Figure3A). To measure the intrinsic, hemo-
dynamic signal of the cortex related to a visual stimulus, a
short 500ms period of monocular, full ﬁeld ON stimulation
was followed by a longer OFF period (3700ms), and the tissue
reﬂectance measured at 605nm illumination. In the majority of
cases (13/17), the reﬂectance decreased throughout the measure-
ment period (Figures3B,C), which manifested as a continuous
darkening of the cortex. This is indicative of an overall increase in
HbR (deoxyhemoglobin) that can last up to 3000ms after stim-
ulus onset (Blood et al., 1995; Martin et al., 2006; Simons et al.,
2007; Wang et al., 2011). The locations for the SindbisFlare injec-
tions were based on examination of the intrinsic signal, that is,
locations with a strong hemodynamic response and an absence
of larger blood vessels were preferred for the subsequent Sindbis
Flare injections.
To establish the functionality of the voltage sensor, Flare
expressing neurons in ratvisual cortex were stimulated with peri-
odic full ﬁeld visual stimulation. Two examples were chosen to
illustrate the typical response of labeled neurons. A high spatial
resolution TPSM image of labeled neurons over an 80 × 80μm
region of cortex shows a small cluster of cells (Figure4A). The
time course of ﬂuorescence over brightly labeled ROI were com-
puted by averaging 100stimulus repetitions. Baseline normalized
FIGURE 3 | Intrinsic optical imaging of rat visual cortex. (A) Image
taken under green (540nm) light to visualize vasculature over visual cortex
through thinned skull. Scale bar, 1mm. (B) Time series of intrinsic images
taken at 7Hz under orange (605 nm) light. First image, baseline period
(green); second image, visual stimulation period (red) (C) Time course
(mean ± standard error) of intrinsic signal in region of interest indicated in
(A, black square). Green bar, baseline period; red bar, stimulation period
(stimulus onset at time 0).
ﬂuorescence responses for two neighboring neurons are shown.
One neuron had a signiﬁcant ON response at stimulus onset
(Figure4B, p < 0.01), while another cell approximately 10μm
away did not respond (Figure4C). Simultaneous visually evoked
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FIGURE 4 | In vivo functional two-photon scanning of Sindbis Flare
transfected neurons in rat visual cortex. (A) High resolution (256 × 256)
structural scan of ﬁrst site with multiple labeled neurons with two ROIs
(black squares) delimited. (B,C) Averaged ﬂuorescence signal (mean ±
standard error) from each ROI. Cell 1 responded to stimulus onset (B),c e l l
2 did not respond (C). Graphs (D) Visually evoked potentials from surface
electrode. (E) High resolution (512 × 512) structural scan of second site
showing labeled cell bodies and processes. Two neighboring cells are
marked (black squares). (F,G) Averaged ﬂuorescence signal (mean ±
standard error) for cell 1 and 2 that both show signiﬁcant responses. (H)
Visually evoked potentials. Gray bars in (B–D, F–H) indicate ON stimulus
period. Scale bars: 20μm.
potentials were observed consistently (Figure4D). The second
exampleshowsa120 × 120μmﬁeldoflabeledneuronsincluding
labeled processes (Figure4E). Two selected neighboring neurons
showed very similar signiﬁcant ON responses (Figures 4F,G; p <
0.01). Visually evoked potentials were also recorded (Figure4H).
The Flare signal did not bleach over the 220s of measurement
period, even though the beam was continually scanning.
A total of 44 Sindbis Flare in vivo TPSM experiments were
performed of which 12 were discarded for various reasons (e.g.,
bleeding into imaging ﬁeld, light leakage from stimulus display).
Per experiment 2–3sites were scanned. Each site alwayscontained
several identiﬁable labeled regions or neurons (mean = 10 ± 5)
resulting in a total of 2656 ROIs, which were analyzed quantita-
tively. To obtain visually evoked responses, substantial averaging
was needed (∼100 trials per run). Signiﬁcant ON responses were
found in 14.5% of all ROIs, whereas 6.8% had signiﬁcant OFF
responses to the full ﬁeld visual stimulus.
DISCUSSION
The ﬂuorescent voltage sensor Sindbis Flare was introduced via
viral transfection into rat visual cortex to allow in vivo TPSM
of individual, labeled neurons. Despite the fact that a previ-
ous study reported no functional optical signal using Flare in
dissociated hippocampal neurons under patch clamp electrical
stimulation (Baker et al., 2007), the current results demonstrate
that a substantial proportion of Flare expressing neurons indeed
showed signiﬁcant changes in ﬂuorescence to sensory stimula-
tion. Differences in preparation, species, and imaging technique
could well account for these differences.
RATIONAL DESIGN OF SENSOR
The originaldesign ofFlare wasbased onthe currentunderstand-
ing of the properties of Kv1.4 channel, and was engineered to
be linear for the voltage range of –50 to –10mV. During action
potentials, the Flare signal is supposed to saturate at its maxi-
mum emission. Based on the time course of Flare from in vitro
studies and its voltage selectivity (Guerrero et al., 2002), we inter-
pret the Flare signal as an approximation to the mean ﬁring rate.
Both increases and decreases in the ﬂuorescence emission con-
current with stimulus onset and offset were recorded from the
labeled neurons in the current study. The fairly slow time course
of the ﬂuorescence signal did not allow for the recording of indi-
vidualaction potentials. This is also the case for the more recently
developedﬂuorescentcalciumsensorsbasedonthecalciumbind-
ing protein troponin C (Mank et al., 2008), which demonstrate
relatively slow kinetics. Furthermore, the peak change in ﬂu-
orescence of voltage sensitive dyes and proteins is at least an
order of magnitude smaller than the signal observed with typi-
cal calcium indicator dyes (Hendel et al., 2008). Whether enough
photons can be generated in a time window short enough to
resolve individual action potentials by newer voltage or calcium
sensors will depend critically on the density of sensor molecules,
t h ee f ﬁ c i e n c yo fﬂ u o r e s c e n c ee x c i t a t i o n ,t h ed e g r e eo fm o d u l a -
tion of ﬂuorescence by voltage or calcium, and the efﬁciency of
the detectors. Recent developments of the GCamp calcium indi-
cator family show promising temporal resolution and signal to
noise ratio (Tian et al., 2009; Looger and Griesbeck, 2011), which
might allow detection of individual action potentials from the
ﬂuorescence signal. Novel proteins, for example C. intestinalis
voltage-sensor-containing phosphatase (Ci-VSP), which trans-
lates transmembrane voltage changes into the turnover of phos-
phoinositides (Murata et al., 2005; Lundby et al., 2010), and
microbial rhodopsins (Kralj et al., 2011) offer viable alternatives
to the Shaker family with improvements in sensitivity and speed
(Mutoh et al., 2011).
In ﬁxed tissue using confocal microscopy, Flare expressing
neurons displayed ﬂuorescence labeling in the cell membrane.
However, high magniﬁcation two-photon images of Flare neu-
rons in vivo mostly revealed cell bodies and occasional processes,
whereas the membrane labeling was difﬁcult to detect. It is pos-
sible to envision other constructs of Flare that would direct it
to particular membrane or peri-membrane locations (Guerrero
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et al., 2005). Increased density of Flare in the membrane should
lead to higher signals, and also might improve signal strength.
It is noteworthy in this respect that increased synthesis of Flare
alone might not be productive as there could be a high concen-
tration of Flare associated with intracellular membrane, such as
the ER. Signal strength might be further affected by functionality
of the Kv1.4 channels (Zhu et al., 2003; Jenkins et al., 2011). For
example, it is hypothetized that the FlaSh or Flare subunits can
co-assemblewithcompatiblenative subunitsofthe Kv1subfamily
(Guerrero et al., 2002). Due to the high levels of expression of
Flare expected with Sindbis, it is anticipated that many of the
Kv1.4 channels will be either heteromeres with a majority of Flare
sub-units, or homomeres. It has been suggested that assemblies
of different subunits can produce channels with distinct kinetics
and pharmacology (Isacoff et al., 1990).
VECTORS FOR TRANSFECTION: NEURONAL SPECIFICITY
In the current study, Sindbis was used as viral vector for trans-
formingneurons. Incell culture, Sindbisis knownto damagecells
or cause apoptosis as early as 12h after infection through NMDA
(Nargi-Aizenman and Grifﬁn, 2001). In our hands, Sindbis Flare
permits labeling of neurons that may be recorded up to 36h
following transfection. There were few signs of damage to the
neurons in this time windowincluding morphologicalabnormal-
ities or blebbing. Successful transfection of neurons using Sindbis
without evidence of cell damage or necrosis more than one day
after transfection has been demonstrated previously (Chen et al.,
2000; Diaz et al., 2004). It may be that the extracellular milieu
provides protection to the neurons via circulating anti-oxidant
protective factors. This fast expression time period is useful when
examining short-term plasticity questions and immediate sen-
sory evoked response properties, but its greatest value may be for
the rapid assessment of novel biosensor proteins. Recent develop-
ments have generated Sindbis virus with decreased neurotoxicity,
which allow longer expression times and viable neurons for up
to one week after infection (Jeromin et al., 2003; Kim et al.,
2004)
The histology indicates that Sindbis Flare primarily labeled
pyramidal neurons in rat cortex, as demonstrated previously
using Sindbis EGFP (Chen et al., 2000). We base this conclu-
sion primarily on the morphology of neurons as evidenced in
ﬁxed tissue using ﬂuorescence or confocal microscopy. There
was no evidence that glial cells were labeled based on the cell
morphology. Earlier studies comparing different viral vectors
conﬁrm that more than 90% of infected cells showed neu-
ronal morphology (Ehrengruber et al., 1999). Selective expres-
sion (i.e., transfection of speciﬁc cell types) will allow targeting
of neuronal subpopulation and ensure that only neurons are
labeled. Recent studies demonstrate that depending on virus
type and titer speciﬁc neuronal subpopulations can be trans-
fected (Nathanson et al., 2009b). In addition, adeno-associated
viruses (AAV) of various serotypes are known to infect differ-
ent cell types based upon cell surface antigens (Cearley and
Wolfe, 2006; Wu et al., 2006; Taymans et al., 2007). Furthermore,
cell type speciﬁcity may be approached on the basis of neu-
ronal anatomy; retrograde labeling by infecting cells via their
axon terminals, can access speciﬁc anatomical projection classes
(Burger et al., 2004). In addition, cell type speciﬁcity has been
attempted by inclusion of speciﬁc promoters and enhancers
(Morelli et al., 1999; Nathanson et al., 2009a). Finally, trans-
genic mice in which GABA-ergic neurons express GFP further
allow labeling and imaging of speciﬁc neuron types (Sohya et al.,
2007).
SUITABILITY OF SINDBIS FLARE AS A GENETICALLY ENCODED
FLUORESCENCE VOLTAGE SENSOR
In the current study, about 15% of labeled cells responded to the
onset of the full ﬁeld visual stimulus composed of several wave-
lengths. This relatively low number has been commonly observed
in genetically encoded ﬂuorescent sensors in cortex, for exam-
ple, for the virally transfected neurons in mouse visual cortex
expressing the calcium sensor TNXXL (Mank et al., 2008).
Several factors can account for this relatively low percentage of
responsive neurons. First, the ﬂashed stimulus mayhave not been
optimal. A study of single unit activity using a variety of stimuli
in rat visual cortex found that 11% of units responded optimally
to uniform stimulation. The majority of cells preferred struc-
tured stimuli with low spatial frequencies (Girman et al., 1999).
A recent fMRI study in rats found reliable hemodynamic and
electrical (multiunit) activation using full-ﬁeld stimulation with
LEDs of varying wavelength (Bailey et al., 2012). In our study,
intrinsic opticalimaging in ratvisualcortex showed reliablefunc-
tional activation using full ﬁeld stimuli, which was conﬁrmed by
visuallyevokedpotentials (You etal.,2011).Thus,the visualstim-
ulation in the current study was suitable to elicit neural responses
but could be further improved by incorporating structured stim-
uli such as gratings. Second, neural responsiveness also depends
on the state of cortex (Hasenstaub et al., 2007), which can be
strongly affected by anesthesia, with deep anesthesia signiﬁcantly
blocking signal propagation through a cortical network (Ahrens
and Freeman, 2001). Nonetheless, other rodent studies using var-
ious forms of anesthesia yielded relatively high percentages of
visually responsive neurons (Ohki et al., 2005; Niell and Stryker,
2008). Fluctuations in anesthesia could also beresponsible for the
observed variability of the intrinsic signal time course (Martin
et al., 2006; Devonshire et al., 2010). Third, the relatively small
number and substantial averaging needed to extract stimulus-
evoked signals may arise from the limited quantity of ﬂuorescent
protein that is being imaged; the functional Flare signal is largely
obtained from the cell membrane, thus reducing the labeled area
that can be scanned.
While the current generation of genetically encoded voltage
sensors all have a smaller signal to noise ratio compared to cal-
cium sensors, further developmentofmembrane targeted sensors
will likely result in stronger signals to provide reliable measures
of neuronal activity. The advantage of voltage-based sensors over
calcium sensors is the potential for much faster measurements
that could, in principle, permit the detection of single action
potentials. Inthecurrentandotherstudies(Akemannetal.,2010)
using living animals, the measured increase in ﬂuorescence from
visual stimulation showed slower kinetics compared to in vitro
studies. The speciﬁc kinetics of Flare are not known but different
versions of FlaSh have demonstrated large variability in kinetics
and signal amplitude (Guerrero et al., 2002; Jin et al., 2011).
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Current voltage sensitive dyes provide a strong signal and
allow imaging of large neuronal populations (Slovin et al., 2002;
Grinvald et al., 2003). Bulk loading is required for applying these
dyes and thus does not permit selective targeting of speciﬁc neu-
ron types. Similarly, cell permeant calcium indicators are charac-
terized by strong signal and labeling of large numbers of neurons
of which up to 75% are responsive (Ohki et al., 2005). Again, the
downside is the lack of speciﬁcity of the calcium indicator label-
ing (Sohya et al., 2007; Takahashi et al., 2007). Thus, one of the
main advantages of the genetic encoding approach is the speci-
ﬁcity of single neuron molecular genetics. In addition, if using
appropriate viral vectors (e.g., AAV), genetically encoded sensors
also allow long-term monitoring as they can permanently label
neurons without causing cell damage (Heider et al., 2010). Thus,
evaluating Sindbis Flare in a rodent model represents a crucial
step in improving ﬁdelity of these sensors and allows applications
in various species. The current study clearly demonstrates that
SindbisFlareshowedsuperiorperformancecomparedtoprevious
reports using preparations such as in vitro studies in dissociated
hippocampalneurons.Thus,sensorsofnewergenerationsneedto
be evaluated using a variety of preparations and species (Perron
et al., 2009a; Jin et al., 2011).
Genetically encoded sensors of both voltage and calcium
will allow further advances as the means to select the trans-
formed neuronal population develop. Neuronal populations can
be selected using anterograde (Chamberlin et al., 1998)a n dr e t -
rograde (Lu et al., 2003) transfection. Similarly, a modiﬁed rabies
vector permits labeling based on connectivity (Wickersham et al.,
2007). These molecular approaches applied to systems neuro-
science, as predicted by Francis Crick 30 years ago (Crick, 1979),
will transform our view of the role of the circuit in generating
perception and action.
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